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[11 The Aerosol Characterization Experiment-Asia (ACE-Asia) was conducted in
March—May 2001 in the western North Pacific in order to characterize the complex mix of
dust, smoke, urban/industrial pollution, and background marine aerosol that is observed in
that region in springtime. The Moderate Resolution Imaging Spectroradiometer (MODIS)
provides a large-scale regional view of the aerosol during the ACE-Asia time period.
Focusing only on aerosol retrievals over ocean, MODIS data show latitudinal and
longitudinal variation in the aerosol characteristics. Typically, aerosol optical depth (T,)
values at 0.55 um are highest in the 30°—50° latitude band associated with dust outbreaks.
Monthly mean T, in this band ranges ~0.40—70, although large differences between
monthly mean and median values indicate the periodic nature of these dust outbreaks. The
size parameters, fine mode fraction (v), and effective radius (r,4) vary between monthly
mean values of n = 0.47 and r,;= 0.75 pm in the cleanest regions far offshore to
approximately n = 0.85 and 7.;= 0.30 pm in near-shore regions dominated by

biomass burning smoke. The collocated MODIS retrievals with airborne, ship-based, and
ground-based radiometers measurements suggest that MODIS retrievals of spectral optical
depth fall well within expected error (AT, = +0.03 + 0.057,) except in situations
dominated by dust, in which cases MODIS overestimate both the aerosol loading and the
aerosol spectral dependence. Such behavior is consistent with issues related to particle
nonsphericity. Comparisons of MODIS-derived r,; with AERONET retrievals at the
few occurrences of collocations show MODIS systematically underestimates particle size
by 0.2 pm. Multiple-year analysis of MODIS aerosol size parameters suggests systematic
differences between the year 2001 and the years 2000 and 2002, which are traced to
instrumental electronic cross talk. Sensitivity studies show that such calibration errors are
negligible in T, retrievals but are more pronounced in size parameter retrievals, especially
for dust and sea salt.
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1. Introduction

[2] For over two decades much research has been devoted
to studies of the effects of Saharan dust on the Earth’s
radiative balance [Carlson and Benjamin, 1980; Tegen and
Fung, 1994, 1995; Tegen et al., 1996; Li et al., 1996;
Andreae, 1996; Hsu et al., 2000; Haywood et al., 2003],
atmospheric chemistry [Dentener et al., 1996], and biogeo-
chemical cycle [Swap et al., 1992]. In contrast, Asian dust
has received much less scrutiny by the global community. In
Asia, although dust storms occur year-round in the source
region, dust outbreaks appear to be the strongest in spring-
time based upon 40 years ground observations [Sun et al.,
2001]. However, it has been a difficult task to characterize
composition of the Asian dust outbreaks because the air
mass includes not only dust particles but the growing and
variable sources of the precursors of water soluble aerosols,
such as NOy and SO, gases [Elliot et al., 1997; VanArdeen
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2001) for the region of 15°~45°N and 90°—160°E. See color version of this figure at back of this issue.

et al., 1999]. A multinational, multiplatform field campaign,
so-called the Aerosol Characterization Experiment, Asia
(ACE-Asia), was therefore planned and executed in
March—May 2001 to study aerosol physical, chemical,
and radiative properties in east Asia and the western Pacific
Ocean [Huebert et al., 2003].

[3] Asian dust storms rising from the Taklimakan and
Gobi deserts (as well as neighboring areas), sweeping
through east Asia are closely associated with frontal devel-
opment and Mongolian cyclonic depressions. The dust-
laden air mass can travel long distance reaching as far as
the United States and beyond. Drought in northern and
northwestern China is believed to play a critical role in the
increasing frequency, intensity, duration, and area of occur-
rence of dust outbreaks in the past few years. In addition,
the loss of vegetation due to agricultural and livestock
breeding activities (e.g., at a rate of 400 million km? per
year) in northwestern China has also contributed signifi-
cantly to the total dust emission of 800 million tons
annually. In spring 2001, 3 strong, 10 moderate, and 5
weak outbreaks occurred in northern China with 41 dusty
days recorded in the region. Unlike Saharan dust storms
dominated by dust particles, Asian dust clouds are often
mixed with urban/industrial pollutants. By serving as the
reactive surface, dust particles can modify chemical pro-
cesses of the formation of acid gases (e.g., H,SO, and
HNOs) [Tabazadeh et al., 1998; Goodman et al., 2000;
Phadnis and Carmichael, 2000; Terada et al., 2002].
Biomass burning from Southeast Asia, as a result of
agricultural cleaning, is responsible for emitting significant
amounts of soot to the atmosphere. The smoke plumes
carried by the southwesterlies can mix with pollution (and
dust) over the western Pacific Ocean before reaching further
downwind regions. It is evident that elevated CO (~10%),
PM;y (~50%) and PAN (Peroxyacetylnitrate) (~100%)
concentrations were observed in the free atmosphere in
western US during springtime [Jaffe et al., 1999].

[4] The purpose of this paper is to evaluate the accuracy
of MODIS-derived aerosol properties (1., 1 and 7.;) over
the western Pacific Ocean in March—May 2001 during the

ACE-Asia field campaign. As found, dust nonsphericity
and MODIS sensor calibration issues in shortwave infrared
(SWIR) further complicate the columnar aerosol retrieval
with variable aerosol sources (dust, pollution, and smoke)
and vertical distributions. Terra-MODIS sensor electronics
was switched from side A to side B (for better ocean color
retrieval from less noisy ocean bands) on 30 October 2000
and later switched back to side A on 2 July 2001 (after
side B power supply failed in mid-June). Though similar
optical calibrations were done prior to and post the
switch, the level 1B (L1B) SWIR (i.e.,, 1.24, 1.64, and
2.1 pm) band radiances could be different due to the out-
of-band thermal leak (3—5 pm) and electronic cross
talk (residual electrons from imperfect detector reset of
the 500 m resolution subframes) [Xiong et al., 2003]. The
differences may have caused the anomalies in the
MODIS-derived size parameters since the weighting
between the fine and coarse mode aerosols obtained in
the retrieval is attributed to the spectral curvature of
measurements from the visible (i.e., 0.55, 0.66, 0.87 pm
without thermal leak and electronic cross talk) all the way
through the SWIR bands. The details of the derivation of
Te» M and 7.5 using the visible-SWIR bands are docu-
mented in the work of Remer et al. [2005]. In section 2,
we briefly describe MODIS aerosol retrieval algorithm
over ocean and the expected accuracies of retrieved
parameters. In section 3, we analyze the latitudinal and
regional distribution and variation as a preview before
validation.

[s] The multiplatform based Sun photometers and radio-
meters from the C-130 and Twin Otter airplanes, NOAA
R/V Ronald Brown, and AERONET (Aerosol Robotic
Network) provide a suite of ground truths to validate
MODIS T, retrievals. Of particular importance are the
AATS-14 (14-channel Ames Airborne Tracking Sun pho-
tometer) measurements at 1.24 and 1.64 pm since the longer
wavelengths are more sensitive to the existence of large
particles such as dust. The detailed comparisons of (collec-
tion 4) MODIS-derived T, (assuming spherical particles)
against the Sun photometer/radiometer observations from
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Figure 2. NASA Global Modeling and Assimilation Office (GMAO) (formerly the Data Assimilation
Office) assimilated winds at 700 (left column) and 850 mb (right column) for (top) March, (middle)
April, and (bottom) May 2001. See color version of this figure at back of this issue.
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Figure 3. Monthly zonal mean T, calculated in different
latitude bands (1, 10°-20°N; 2, 20°-30°N; 3, 30°—40°N;
4, 40°-50°N; 5, 50°-60°N) in March, April, and May
2001.

the visible to SWIR bands are shown in section 4. Dust
nonsphericity is critical to T, retrieval of dust. To model the
effect, however, requires information of dust phase functions
of the entire MODIS bands from visible to SWIR, which are
currently lacking. These studies are ongoing and thus
excluded in this paper.

[6] In section 5, we discuss the validation of 7.4 using
AERONET sky measurements observations and m from
currently ongoing research. In section 6, we analyze the
consistency/relationship between retrieved size parameters
(i.e., 7oz M and Angstrém Exponents) and corresponding
aerosol models based upon the cases in sections 4.1 and 4.2.
Dust nonsphericity and electronic cross talk have a
compounding effect on the retrieved r,; that both tend
to underestimate 7.4 In section 7, we make an attempt to
mimic the responses of retrievals due to electronic cross-
talk effect by imposing a uniform changes (—5% to 5%)
on the SWIR band radiances. In section 8, a statistical
analysis is used to estimate the discrepancies of r,; and m
between the retrievals of 2001 (side B electronics) and
those of 2000 and 2002 (side A electronics). The
systematically larger (smaller) v (7.;) values derived with
side B electronics, and associated higher degree of
severity found in low than high aerosol loading and in
coarse-mode than fine-mode dominated regions indicate
the nonlinearity in nature of electronic cross talk. Unless
the cross talk effect can be completely removed or fully
characterized, the evaluation of the uncertainties of
MODIS-derived aerosol size parameters remains incon-
clusive in ACE-Asia.

2. MODIS Aerosol Retrieval Over Ocean and
Expected Accuracies

[7] The MODIS aerosol retrieval algorithm is composed
of two different schemes in retrieving aerosol properties
over land and ocean. The details of the algorithm can be
found in the work of Kaufman et al. [1997] and Chu et al.
[1998] (land) and Tanré et al. [1997, 1999] (ocean). The
enhancements and modifications of the schemes for gener-
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ating different MODIS collections were described in the
work of Chu et al. [2003] (land), Levy et al. [2003] (ocean)
and Remer et al. [2005] (land and ocean). Here, we briefly
describe the methodology and processes used for retrieving
aerosol properties over ocean. The aerosol ocean algorithm
employs six MODIS 500 m spectral bands (0.55, 0.67, 0.86,
1.24, 1.64, and 2.1 um) to retrieve aerosol properties
including aerosol optical depth, fine-mode fraction, and
effective radius etc. within 10 x 10 km? grid box (nadir)
under the cloud-free and glint-free conditions (e.g., glint
angle > 40°). Three procedures are executed in order to
obtain ““clear” pixels for aerosol retrieval. Cloud screening
is first performed, including the spatial variability tests
(0.55 pm reflectance measurements) [Martins et al.,
2002], brightness temperature tests (6.7, 11, and 12 pm)
[Ackerman et al., 1998], and 1.38 and 0.66 um reflectance
and reflectance ratio of 1.38/1.24 pm tests [Gao et al.,
2002]. The latter is to remove high and thin cirrus clouds. A
sediment mask is applied subsequently to discard pixels of
reflection enhanced by river sediments around river months
[Li et al., 2003]. The remaining (cloud-free, glint-free, and
sediment-free) pixels of a total of 400 pixels (20 x 20 at
500 m resolution in 10 x 10 km” box) are then sorted in
ascending order to further remove the 25% darkest and
brightest pixels to exclude possible residual cloud, glint, and
cloud-shadow contaminations. Given the “clear” pixels
within 10 x 10 km? grid box, a least residual method
[Tanré et al., 1997] is used to determine the fraction of fine
and coarse mode aerosol models by minimizing the differ-
ences of six-paired measured and calculated spectral radi-
ances (0.55-2.1 pm) of 20 combinations of 4 fine-mode
and 5 coarse-mode aerosol models. For the best scenario,
the normalized residual is expected to be less than 3% with
optimal retrieval quality. For other cases, the retrieved
aerosol properties need to take into account the processing
paths permitted in less ideal conditions (e.g., cloud screen-
ing, missing spectral channels, etc.). The details of quality
assessment (QA) of retrieval can be found in MODIS
Atmosphere QA Plan [Chu et al., 2002] (http://modis-
atmos.gsfc.nasa.gov). The major aerosol parameters re-
trieved over ocean include spectral aerosol optical depths
(0.47-2.1 pm), Angstrom exponents, fine-mode fraction,
and effective radius. The secondary parameters such as
reflected/transmitted fluxes, CCN (Cloud Condensation
Nuclei), columnar mass concentration are obtained from
lookup tables.

[8] Despite that MODIS reports acrosol optical depths at
seven wavelengths over ocean, only 0.66 pm and 0.87 pm
channels are sufficiently similar in wavelength for direct
comparison with AERONET Sun photometer measure-
ments. Based upon the recent validation [Remer et al.,
2002, 2005], the retrieval errors of aerosol optical depth
are found within A1, = +£0.03 + 0.057,, which can be
translated to a standard error of ~0.02, which is a half of
that reported for AVHRR ~0.04 [Stowe et al., 1997]. In
terms of particle size, the validation of MODIS versus
AERONET-derived effective radius reveals approximately
70% of 25 colocated points falls within £0.1 um (or 25%
error) for 7, (0.66 pm) > 0.15. Larger errors are expected for
T, (0.66 pm) < 0.15, because of greater susceptibility to
algorithmic and sensor uncertainties [Ignatov et al., 1998].
AERONET-derived effective radius use sky radiance and T,
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Figure 4. Twenty 10° x 10° regions of the domain of ACE-Asia 2001.

data to derive the aerosol size distributions, from which the
effective radius is calculated [Dubovik and King, 2000]. The
similarity of both derived from total column ambient
observations makes MODIS and AERONET directly com-
parable. It is worth noting that in the work of Remer et al.
[2002] none of the validation points was derived from dust
observations. The validation done by Levy et al. [2003]
during PRIDE (The Puerto Rico Dust Experiment) showed
that the assumption of sphericity is responsible for creating
errors in dust retrieval, leading to overestimated T, at 0.47
and 0.55 pm and underestimated particle sizes (~50% in
general and a factor of 2 to 3 in some cases).

3. Latitudinal and Regional Analyses

[¢] Elevated aerosol loading attributed to Asian dust
outbreaks and biomass burning is clearly seen in the

Northern Hemisphere in springtime. Figure 1 depicts the
seasonal mean T, of the area between 15°-45°N and
90°-160°E of interest in the ACE-Asia experiment. High
aerosol abundance is worth noting in all seasons in the
Sichuan basin, on the eastern coast, and in northern and
southern China as a result of urban/industrial pollution. In
spring, April shows the largest regional monthly average
Tq (~0.45 + 0.40), in which dust outbreak has contributed
significantly to aerosol loading, followed by March
(~0.40 £ 0.33) and May (~0.40 £ 0.40).

[10] Based upon 40-year ground observations [Sun et al.,
2001], the dust transport routes can be summarized into
three latitude bands (frequency of occurrence is denoted in
the parentheses): (1) 40°—~70°N (7%), (2) 30°—40°N (60%),
and (3) 0°-30°N (33%). Set up by a low-pressure system
over the Aleutian Islands and a high-pressure cell near
Hawaii, the meteorological scenario so-called “The Asian
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Table 1. Monthly Mean and Median Aerosol Optical Depth
Derived in 20 Regions in March, April, and May 2001*
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Table 3. Monthly Mean, Standard Deviation, and Median of
Effective Radius Derived in 20 Regions in March, April, and May
2001*

March April May
Region Mean(SD), Median Mean(SD), Median Mean(SD), Median
1 0.31(0.24), 0.27 0.65(1.10), 0.24 0.61(0.74), 0.38
2 0.29(0.20), 0.24 0.41(0.57), 0.25 0.43(0.40), 0.32
3 0.44(0.42), 0.32 0.66(0.80), 0.37 0.53(0.51), 0.43
4 0.39(0.33), 0.27 0.65(0.88), 0.34 0.51(0.63), 0.36
5 0.35(0.30), 0.28 0.68(0.96), 0.36 0.88(1.16), 0.39
6 0.73(0.63), 0.55 0.65(0.58), 0.49 0.70(0.76), 0.50
7 0.48(0.33), 0.38 0.46(0.25), 0.39 0.46(0.30), 0.41
8 0.38(0.19), 0.35 0.41(0.22), 0.36 0.41(0.29), 0.37
9 0.37(0.25), 0.31 0.40(0.23), 0.37 0.31(0.21), 0.27
10 0.47(0.32), 0.42 0.64(0.33), 0.61 0.31(0.19), 0.25
11 0.37(0.24), 0.32 0.42(0.23), 0.38 0.31(0.29), 0.24
12 0.26(0.15), 0.24 0.28(0.17), 0.25 0.20(0.16), 0.17
13 0.23(0.12), 0.20 0.23(0.16), 0.19 0.17(0.16), 0.12
14 0.20(0.10), 0.19 0.18(0.12), 0.14 0.13(0.15), 0.09
15 0.43(0.23), 0.39 0.37(0.24), 0.33 0.19(0.11), 0.16
16 0.25(0.16), 0.19 0.28(0.31), 0.21 0.14(0.07), 0.13
17 0.16(0.09), 0.14 0.19(0.16), 0.15 0.11(0.07), 0.09
18 0.13(0.07), 0.11 0.12(0.09), 0.10 0.09(0.05), 0.08
19 0.13(0.06), 0.12 0.12(0.06), 0.10 0.08(0.05), 0.07
20 0.11(0.06), 0.10 0.13(0.05), 0.12 0.09(0.06), 0.08

2SD, standard deviation.

March April May
Region Mean(SD), Median Mean(SD), Median Mean(SD), Median
1 0.25(0.09), 0.28 0.30(0.16), 0.28 0.35(0.18), 0.32
2 0.34(0.10), 0.34 0.35(0.11), 0.34 0.33(0.16), 0.32
3 0.40(0.13), 0.39 0.36(0.16), 0.32 0.42(0.17), 0.40
4 0.37(0.12), 0.39 0.35(0.16), 0.30 0.38(0.19), 0.34
5 0.37(0.12), 0.36 0.42(0.15), 0.39 0.46(0.24), 0.37
6 0.41(0.15), 0.38 0.41(0.14), 0.38 0.38(0.16), 0.34
7 0.42(0.12), 0.41 0.39(0.12), 0.39 0.42(0.15), 0.40
8 0.44(0.10), 0.48 0.42(0.11), 0.41 0.40(0.12), 0.40
9 0.48(0.11), 0.48 0.42(0.11), 0.41 0.43(0.14), 0.48
10 0.34(0.10), 0.34 0.34(0.09), 0.32 0.31(0.09), 0.30
11 0.39(0.11), 0.38 0.40(0.11), 0.38 0.39(0.14), 0.36
12 0.41(0.11), 0.40 0.45(0.14), 0.42 0.48(0.18), 0.46
13 0.45(0.12), 0.44 0.48(0.14), 0.46 0.48(0.20), 0.44
14 0.49(0.14), 0.47 0.55(0.14), 0.58 0.54(0.23), 0.50
15 0.34(0.12), 0.31 0.31(0.10), 0.29 0.31(0.11), 0.30
16 0.44(0.12), 0.44 0.36(0.13), 0.34 0.38(0.17), 0.36
17 0.53(0.19), 0.52 0.48(0.22), 0.45 0.47(0.24), 0.45
18 0.67(0.22), 0.64 0.65(0.22), 0.64 0.61(0.21), 0.58
19 0.66(0.22), 0.68 0.72(0.21), 0.70 0.60(0.20), 0.59
20 0.67(0.23), 0.65 0.75(0.20), 0.78 0.63(0.21), 0.61

SD, standard deviation.

Express” can move dust-laden air across the Pacific Ocean
within 4—10 days. Figure 2 depicts NASA GMAO (Global
Modeling and Assimilation Office, formerly known as Data
Assimilation Office) assimilated monthly mean wind fields
(at 700 and 850 mb levels) for March, April, and May 2001.
Similar patterns are found at both levels except the winds
are much stronger and more organized at 700 mb than
850 mb. The winds also appear to be stronger and more
organized in March and April as compared to May. As
pointed out by Chou et al. [2002] that atmospheric
circulation has strong influence on oceanic aerosol distri-
bution, the largest T, values averaged over 100° and
160°E from level 3 1° x 1° daily aerosol products (ocean

Table 2. Mean, Standard Deviation, and Median of Fine-Mode
Fraction Derived in 20 Regions in March, April, and May 2001°

March April May
Region Mean(SD), Median Mean(SD), Median = Mean(SD), Median
1 0.82(0.11), 0.84 0.78(0.17), 0.82 0.75(0.16), 0.79
2 0.75(0.10), 0.76 0.72(0.12), 0.74 0.76(0.14), 0.77
3 0.71(0.13), 0.72 0.76(0.17), 0.80 0.74(0.14), 0.75
4 0.74(0.12), 0.75 0.77(0.18), 0.81 0.78(0.16), 0.80
5 0.68(0.11), 0.68 0.69(0.16), 0.72 0.66(0.19), 0.71
6 0.69(0.15), 0.71 0.72(0.13), 0.74 0.74(0.15), 0.77
7 0.74(0.14), 0.74 0.77(0.13), 0.78 0.75(0.14), 0.76
8 0.69(0.11), 0.70 0.72(0.11), 0.73 0.73(0.12), 0.74
9 0.65(0.10), 0.65 0.71(0.11), 0.73 0.69(0.13), 0.70
10 0.80(0.11), 0.81 0.81(0.11), 0.83 0.81(0.10), 0.83
11 0.75(0.11), 0.76 0.74(0.12), 0.75 0.75(0.13), 0.77
12 0.72(0.11), 0.74 0.69(0.13), 0.71 0.66(0.15), 0.67
13 0.69(0.11), 0.70 0.66(0.13), 0.68 0.65(0.16), 0.67
14 0.66(0.12), 0.68 0.59(0.12), 0.60 0.58(0.17), 0.61
15 0.82(0.13), 0.83 0.84(0.12), 0.86 0.79(0.12), 0.80
16 0.70(0.11), 0.71 0.77(0.13), 0.78 0.73(0.13), 0.74
17 0.64(0.17), 0.64 0.68(0.20), 0.70 0.66(0.18), 0.66
18 0.52(0.15), 0.54 0.53(0.15), 0.52 0.54(0.14), 0.55
19 0.53(0.15), 0.55 0.49(0.14), 0.49 0.54(0.14), 0.55
20 0.53(0.15), 0.54 0.47(0.12), 0.48 0.52(0.14), 0.54

aSD, standard deviation.

only) are found in 30°~40°N in March (~0.48) and 40°—
50°N in April (~0.51) (see Figure 3), coinciding with the
maximum wind speed of prevailing westerly as shown in
Figure 2.

[11] To illustrate the spatial variability of aerosol loading
and size in terms of distance from emission sources, we
further divide the domain (10°~60°N and 100°—-160°E) of
ACE-Asia into twenty 10° x 10° regions (see Figure 4).
In each (10° x 10°) region, we calculate the monthly
mean, standard deviation, and median of T,, 1, and 7 for
March, April, and May 2001 (see Tables 1-3). The
monthly histograms (derived with level 3 daily products)
are also shown in Figures 5a, Sb, and 5c for comparing
Ta» M, and rop distribution in each region. It is found in
general that the farther away from the land, the smaller
aerosol loading is. As expected, higher monthly mean T,
(>0.3) and larger variation of the mean values (e.g.,
standard deviation) are clearly seen in regions 1, 2, 3, 4,
6, and 7 (primarily dust and pollution), 10 and 11
(primarily pollution and smoke), and 15 (primarily smoke)
near the Asian continent associated with dust, pollution,
and biomass-burning emission sources. The large standard
deviation found with high aerosol loading can be trans-
lated into large difference between monthly mean and
median values (see Table 1), for example, up to 0.4 in
regions 1—6 as attributed to more frequent dust outbreaks
in April as opposed to 0.2 in March and May. However, it
is not always the case. In region 5 (remote ocean), for
example, the monthly mean T, ~0.88 with difference
~0.49 in May, which cannot be explained by either dust
emission or long-range transport, is most likely attributed
to residual cloud contamination. In contrast to the impact
mostly from dust outbreaks at the north of 30°N, Southeast
Asia biomass burning shows large influence at the south of
30°N in March and April, and a noticeable decrease in
May signaling diminishing agricultural burns before the
onset of Monsoon season.
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Table 4. Spectral Aerosol Optical Depths Derived by MODIS and AATS on Board C-130 and Twin Otter®
0.47 pm 0.55 pm 0.66 pm 0.86 pm 1.24 pm 1.64 pm 2.13 pm
6 April 2001 (32.9°N, 127.2°E;UTC(MODIS) 0200;UTC(AATS-14) 0150, SRMSE = 0.015,42 m asl)
MODIS(0) 0.43 £0.07 0.36 = 0.06 0.30 = 0.05 0.22 £ 0.04 0.15 + 0.03 0.11 £0.02 0.09 £ 0.02
AATS-14 0.41 = 0.008 0.35 +0.007 0.28 + 0.006 0.22 +0.004 0.16 + 0.003 0.13 +0.003
8 April 2001 (34.1°N, 132.2°E;UTC(MODIS) 0150, UTC(AATS-6) 0210, SRMSE = 0.072, 17 m asl)
MODIS(L) 0.54 £ 0.05 0.43 £ 0.05 0.32 £ 0.05
AATS-6 0.45 + 0.007 0.36 = 0.006 0.27 £ 0.004 0.19 + 0.002
8 April 2001 (34.2°N, 132.2°E;UTC(MODIS) 0145, UTC(AATS-14) 0220, SRMSE = 0.067, 6 m asl)
MODIS(L) 0.54 £ 0.05 0.43 £ 0.05 0.32 £ 0.05
AATS-14 0.45 + 0.005 0.37 +£0.02 0.28 £ 0.02 0.25 £ 0.02 0.22 £ 0.02 0.21 +£0.02
12 April 2001 (33.1°N, 127.5°E;UTC(MODIS) 0300, UTC(AATS-14)0320, SRMSE = 0.11, 13 m asl)
MODIS(O) 0.49 £ 0.01 0.44 £ 0.01 0.40 £ 0.01 0.34 £ 0.01 0.29 £ 0.01 0.26 £ 0.01 0.24 + 0.009
AATS-14 0.33 £0.02 0.30 + 0.02 0.28 £ 0.02 0.25 £0.02 0.22 £ 0.02 0.21 £0.02
13 April 2001 (35.8°N, 132.4°E;:UTC(MODIS) 0205;UTC(AATS-6) 0155, SRMSE = 0.015, 43 m asl)
MODIS(0O) 0.30 + 0.01 0.25 + 0.01 0.21 +0.01 0.15 +0.007 0.11 £+ 0.006 0.10 + 0.005 0.009 + 0.005
AATS-6 0.29 = 0.01 0.23 £ 0.01 0.19 £ 0.01 0.15 £ 0.008
14 April 2001 (32.3°N, 132.5°E;UTC(MODIS) 0250; UTC(AATS-14) 0310, SRMSE = 0.3, 34 m asl)
MODIS(O) 1.23 £0.19 1.10 £ 0.18 1.00 £ 0.17 0.86 £ 0.16 0.76 + 0.13 0.70 = 0.10 0.63 = 0.08
AATS-14 0.77 + 0.03 0.73 + 0.02 0.68 + 0.02 0.63 +0.02 0.58 + 0.02 0.56 + 0.01
19 April 2001 (37.2°N, 133.4°E;UTC(MODIS) 0130;UTC(AATS-14) 0140, SRMSE = 0.04, 41 m asl)
MODIS(0O) 0.49 + 0.01 0.40 + 0.01 0.33 = 0.007 0.23 = 0.005 0.15 + 0.003 0.11 £ 0.003 0.084 + 0.003
AATS-14 0.43 +£0.02 0.37 +£0.02 0.30 = 0.01 0.25 £ 0.01 0.19 + 0.007 0.16 + 0.006
20 April 2001 (35.0°N, 140.6°E; UTC(MODIS) 0210;UTC(AATS-6) 0215, SRMSE = 0.02, 33 m asl)
MODIS(0) 0.39 + 0.03 0.32 +£0.02 0.27 £ 0.01 0.19 £ 0.01 0.13 £ 0.01 0.11 £ 0.01 0.009 + 0.001
AATS-6 0.43 + 0.008 0.31 £ 0.01 0.25 +0.007 0.18 + 0.005
23 April 2001 (32.4°N, 139.6°E;UTC(MODIS) 0105;UTC(AATS-6) 0120, SRMSE = 0.012, 30 m asl)
MODIS(0O) 0.33 + 0.008 0.28 + 0.007 0.24 + 0.007 0.17 = 0.005 0.12 + 0.004 0.10 + 0.01 0.009 + 0.003
AATS-6 0.33 £0.02 0.27 £ 0.02 0.23 £ 0.02 0.19 £ 0.01
23 April 2001 (33.1°N, 134.1°E;UTC(MODIS) 0245;UTC(AATS-14) 0306, SRMSE = 0.026, 20 m asl)
MODIS(0) 0.31 +£0.03 0.27 £ 0.03 0.23 +0.02 0.18 £ 0.02 0.14 £ 0.02 0.12 £ 0.02 0.10 £ 0.02
AATS-14 0.28 + 0.009 0.25 £ 0.008 0.22 + 0.006 0.19 + 0.005 0.17 + 0.004 0.16 = 0.003
2 May2001 (33.2°N, 126.1°E;UTC(MODIS) 0235;UTC(AATS-6) 0240, SRMSE = 0.093, 30 m asl)
MODIS(L) 0.59 £ 0.04 0.44 + 0.06 0.32 £ 0.07
AATS-6 0.45 + 0.06 0.37 + 0.05 0.28 + 0.04 0.19 + 0.03

#Aerosol optical depths are given as mean + standard deviation. Abbreviations are as follows: L, land; O, ocean; asl, above sea level; SRMSE, cross-

spectrum root mean square error. GPS altitudes are used for AATS instruments.

[12] The monthly mean m of 0.65-0.85 are generally
found in most of the regions except in regions 18-20
(remote ocean) with m ranging from 0.45 to 0.55. Standard
deviations are shown in the range between 0.1 and 0.2
regardless of the locations. It is reasonable that wider
range of 7 is seen in low latitudes (50°—60°N: 0.70—
0.85; 30°-50°N: 0.65-0.8; 20°-30°: 0.55-0.85; 10—
20°N: 0.45-0.85) as aerosol loading is increasingly influ-
enced by sea salt. However, only small regional monthly
mean differences (<0.05), and small differences between
regional monthly mean and median values (<0.05) are
found in m unlike. There also appears to be no noticeable
change in 7 in responding to the change in 7, It is
therefore difficult to distinguish the differences between
the monthly mean v of the range of 0.7-0.8 in the dust
frequently affected regions (i.e., 3, 4, 6, and 7) and 0.8—
0.85 in regions (10 and 15) largely influenced by biomass
burning smoke.

[13] The regional monthly mean r.;derived are generally
confined to a range within 0 to 1 pm with standard deviation
ranging from 0.1 to 0.25 pm, except for limited number of

values > 1 pm in region 5 and regions 18—20 as discussed
earlier. Similar to m, the differences between regional
monthly mean and median are also small (<0.05—0.1 pum).
Also like ), the regional monthly mean 7, show latitudinal
variation (50°-60°N: 0.25-0.35 pm; 40°-50°N: 0.35—
0.45 pm; 30°-40°N: 0.4-0.45 pm; 20°-30°N: 0.35-
0.55 pm; 10—-20°N: 0.3-0.75 pm). Given the 7 values of
0.7-0.8 in regions 3, 4, 6, and 7 (possibly mixed by dust
and pollution aerosols) as shown above, r.;values are found
in the range of 0.35-0.45 pm, and given the fine-mode
fraction of 0.8—0.85 in regions 10 and 15 (smoke and
pollution), 7.4 are in the range between 0.3 and 0.4 pm.
Though the former, to some extent, may be underestimated
by the assumption of spherical dust particle, the differences
are still unexpectedly small.

4. Aerosol Optical Depth

[14] During ACE-Asia airborne and shipborne Sun photo-
meters provide valuable aerosol information over open
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Figure 6. MODIS (circles) and airborne C-130/Twin Otter AATS (squares) derived T, values at 0.47,

0.55, 0.67, 1.24, 1.64, and 2.1 pm wavelengths.

oceans. The validation presented here involves all Sun
photometers (Ames Airborne Tracking Sun photometer,
Microtops, Simbad, and SimbadA) and radiometer (Multi-
filter Rotating Shadowband Radiometer) on board various
platforms (i.e., the C-130 airplane, the Twin-Otter airplane,
and R/V Ron Brown).

4.1.
Otter

[15] The AATS-6 Sun photometer (6 channels: 0.380,
0.451, 0.525, 0.864, 0.941, and 1.021 pm) [Matsumoto et
al., 1987] on board the C-130 and AATS-14 (14 channels:
0.354, 0.38, 0.449, 0.454, 0.500, 0.525, 0.606, 0.675, 0.779,
0.864, 0.940, 1.019, 1.240, and 1.558 pum) on board the
Twin Otter provide aerosol extinction measurements, which
can be used to validate MODIS T, retrievals. The airborne
Sun photometer functions similarly to ground-based Sun
photometers except they require more complicated and
sensitive mechanism to track the Sun while in flight. The
AATS-14 aerosol optical depths at wavelengths greater than
1 pm are especially valuable because of the rareness of these
measurements. When measuring aerosol optical depth from
airplanes for satellite validation, the flight altitude poses a
potential problem. In principle, the lowest flight altitude
would be most ideal for the columnar T, comparisons. In
our study, we choose 50 m to be the maximum altitude
allowed, which is a compromise between the number of
measurements available at colocated space and time and
errors permissible for validation purpose. At 50 m altitude,
the error of 7, is estimated to be ~0.015 (at 0.55 um), which
is close to the MODIS retrieval limitation given the instru-
ment calibration accuracy no better than 1%. It is worth
noting that similar criteria shown here were used by Kahn et

MODIS Versus AATS on Board C-130 and Twin

al. [2004] for comparing with MISR (Multiangle Imaging
Spectroradiometer) retrievals.

[16] A total of 11 cases meet the criteria of AATS (GPS)
flight altitudes < 50 m, in addition to +30 minutes of
MODIS overpass times and MODIS retrievals within
+0.25° (latitude and longitude) of the average location of
AATS flight altitude < 50 m. Table 4 tabulates MODIS and
AATS spectral T, mean and standard deviation values,
along with latitude, longitude, UTC time, flight altitude,
and SRMSE (cross-spectrum root mean square error). Note
that the AATS-6 and AATS-14 T, values are derived at
exact MODIS wavelengths using the coefficients from a
second-order polynomial fit provided by the AATS team for
the ACE-Asia experiment (http://geo.arc.nasa.gov/sgg/
AATS-website).

[17] Figure 6 shows the comparisons between MODIS-
and AATS-derived 1, values from 0.47 to 0.86 pm (AATS-
6) and from 0.47 to 1.64 um (AATS-14) at different
locations over ocean. Good agreement is found between
MODIS and AATS over ocean with SRMSE < 0.05, except
in case 2 (SRMSE ~0.11) and 4 (SRMSE ~0.3). The
elevated AATS T, shown in SWIR spectrum (1.24 and
1.64 pm) in both cases (2 and 4) indicates the existence of
dust particles and that dust nonsphericity could play a role
in MODIS’ overestimation of T,. Because of the exclusion
of sunglint (glint angle < 40°) in MODIS aerosol retrieval,
only two groups of scattering angles (110°—115° and 145°—
155°) were derived. Given the largest spherical and non-
spherical (e.g., spheroid) phase function differences
between 110° and 130° (spheroid phase function > spherical
phase function) [Mishchenko et al., 1997], the use of
spheroid phase function would produce more comparable
MODIS T, retrievals with AATS measurements. For cases
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Figure 7. MODIS (circles) and R/V Ron Brown shipborne radiometers/Sun photometer derived T,
values at 0.47, 0.55, 0.67, 1.24, 1.64, and 2.1 pm wavelengths. Different open symbols represent different
shipborne Sun photometers/radiometers (squares, MFRSR; diamonds, MTPS; equilateral triangles,

SBAD; and right triangles, SBADA).

1, 5, and 8 with SRMSE < 0.04, the MODIS-derived T,
shows slightly larger values for X < 1 pm and slightly
smaller values for X > 1 pm when compared to AATS-14
results (cf. Figure 6), for which uncertainty in size distri-
bution or spectral curvature of MODIS measurements is
suspected to play a role.

4.2. MODIS Versus Sun Photometer/Radiometers on
Board R/V Ronald Brown

[18] Four types of Sun photometers/radiometers (Micro-
tops II Sun photometer, MTSP; Simbad, SBAD; SimbadA,
SBADA; Multifilter Rotating Shadowband Radiometer,
MFRSR) were operated on board the NOAA R/V Ron
Brown over the western Pacific Ocean during ACE-Asia.
MTPS is configured with 5 spectral channels (0.38, 0.44,
0.50, 0.675, and 0.87 pum) with a field of view of 2.5°. The
handheld MTPS needs to operate manually. Simbad (0.443,
0.49, 0.565, 0.67, and 0.87 pm) and SimbadA (Advanced
version of Simbad; 0.35, 0.38, 0.412, 0.443, 0.49, 0.51,
0.56, 0.62, 0.67, and 0.75 pm) are designed by LOA
(Laboratoire d’Optique Atmospherique, France) with 10 nm
bandwidth and 3° field-of-view to validate ocean color.
They can also be used to measure aerosol optical depth by

aiming at the Sun. Both require manual operations.
MFRSR has six narrow bands (10 nm bandwidth) centered
at 0.415, 0.499, 0.614, 0.67, 0.868, 0.936 and a broadband
covering the entire solar spectrum. MFRSR is designed to
automatically measure diffusive solar radiation at a 30-s
interval. The difference between the two measurements
represents the direct beam. The direct-beam calibration
constants were differed by less than 1% between these two
calibrations, corresponding to an uncertainty of ~0.01
aerosol optical depth (or less with lower solar elevation).
The calibrations of these instruments were done using a
Langley plot approach [Shaw, 1983] prior to the cruise by
the manufacturer and again at Mauna Loa after the cruise
[Knobelspiesse et al., 2003; Deschamps et al., 2004;
Miller et al., 2001].

[19] Table 5 tabulates aerosol optical depths derived by
MODIS, MTPS, MFRSR, SBAD, and SBADA. For direct
comparison, aerosol optical depths from MTPS, MFRSR,
SBAD, and SBADA are interpolated to MODIS spectral
channel wavelengths using the values at the two nearest
wavelengths and then averaged over +30 minutes of
MODIS overpass times. The MODIS T, values (averaged
within £0.25° box at the locations of R/V Ron Brown) are in
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Table 5. Spectral Aerosol Optical Depths Derived by MODIS and Sun Photometers/Radiometers on Board NOAA R/V Ronald Brown®
0.47 pm 0.55 pm 0.66 pm 0.86 pm 1.24 pm 1.64 pm 2.13 pm
2 April 2001 (32.8°N, 136.6°E;UTC(MODIS) 0225;UTC(MFRSR) 0243;UTC(MTPS) 0238)

MODIS 0.50 + 0.03 0.42 +0.03 0.36 £ 0.02 0.27 £ 0.02 0.20 £ 0.02 0.17 £0.02 0.14 +£0.02
MFRSR 0.40 + 0.03 0.36 + 0.03 0.24 £0.02 0.18 = 0.01 (SRMSE = 0.095)
MTPS 0.39 + 0.004 0.31 +0.03 0.24 £+ 0.004 0.18 = 0.002 (SRMSE = 0.097)

6 April 2001 (32.9°N, 127.8°E:UTC(MODIS) 0200;UTC(MFRSR) 0149; UTC(MTPS) 0149; UTC(SBAD) 0159)
MODIS 0.40 = 0.04 0.33 +£ 0.03 0.28 + 0.03 0.20 £ 0.02 0.13 £0.02 0.10 £ 0.01 0.08 £ 0.01
MFRSR 0.39 + 0.01 0.36 + 0.01 0.25 £0.03 0.20 + 0.005 (SRMSE = 0.022)
MTPS 0.41 + 0.004 0.34 + 0.01 0.28 + 0.01 0.21 = 0.007 (SRMSE = 0.008)
SBAD 0.40 + 0.01 0.33 £0.01 0.27 £ 0.01 0.21 £ 0.004 (SRMSE = 0.007)
SBADA 0.40 + 0.01 0.34 + 0.01 0.28 £ 0.01 0.20 = 0.005 (SRMSE = 0.005)

7 April 2001 (35.8°N, 132.4°E;UTC(MODIS) 0240;UTC(MFRSR) 0238;UTC(MTPS) 0218; UTC(SBAD) 0223)
MODIS 0.48 £0.01 0.39 £ 0.01 0.32 £ 0.01 0.22 £ 0.01 0.14 £ 0.01 0.11 £ 0.01 0.09 £ 0.01
MFRSR 0.49 + 0.02 0.43 £ 0.02 0.30 £ 0.01 0.22 £ 0.01 (SRMSE = 0.023)
MTPS 0.51 +0.003 0.42 + 0.004 0.32 £ 0.004 0.23 + 0.004 (SRMSE = 0.022)
SBAD 0.52 + 0.02 0.42 +0.001 0.33 £0.01 0.23 £ 0.01 (SRMSE = 0.026)

8 April 2001 (38.0°N, 133.6°E;UTC(MODIS) 0145;UTC(MFRSR) 0146;UTC(MTPS) 0156; UTC(SBAD) 0146)
MODIS 0.38 + 0.01 0.31 +0.01 0.25 +0.02 0.18 + 0.01 0.11 +0.005 0.09 + 0.003 0.07 = 0.003
MFRSR 0.37 £0.02 0.33 £0.02 0.23 £ 0.01 0.18 £ 0.01 (SRMSE = 0.015)
MTPS 0.38 = 0.04 0.31 + 0.03 0.25 £0.02 0.19 £ 0.02 (SRMSE = 0.005)
SBAD 0.35 +0.03 0.28 + 0.02 0.23 £ 0.02 0.18 + 0.01 (SRMSE = 0.023)
SBADA 0.38 £ 0.03 0.30 £ 0.03 0.25 £ 0.02 0.18 £ 0.02 (SRMSE = 0.005)

10 April 2001 (37.9°N, 130.8°E;UTC(MODIS) 0135;UTC(MFRSR) 0135;UTC(MTPS) 0127, UTC(SBAD) 0134)
MODIS 0.84 £ 0.02 0.69 + 0.02 0.58 £ 0.01 0.43 £ 0.01 0.31 £ 0.01 0.26 = 0.01 0.22 +0.01
MFRSR 0.64 = 0.01 0.60 + 0.01 0.48 £ 0.01 0.41 £0.01 (SRMSE = 0.12)
MTPS 0.72 £ 0.001 0.64 + 0.001 0.55 + 0.001 0.45 + 0.001 (SRMSE = 0.067)
SBAD 0.70 = 0.01 0.61 + 0.01 0.53 £ 0.01 0.44 + 0.01 (SRMSE = 0.085)

12 April 2001 (35.0°N, 130.0°E; UTC(MODIS) 0300, UTC(MFRSR)0305; UTC(SMBD)0258)

MODIS 0.71 £ 0.03 0.65 + 0.03 0.60 £+ 0.03 0.53 £0.03 0.48 £ 0.04 0.46 = 0.04 0.43 £0.04
MFRSR 0.47 + 0.02 0.47 +0.02 0.40 + 0.02 0.38 + 0.02 (SRMSE = 0.195)
SBAD 0.54 £ 0.02 0.50 = 0.02 0.47 £ 0.02 0.43 £ 0.01 (SRMSE = 0.139)

13 April 2001 (35.7°N, 132.5°E;UTC(MODIS) 0205;UTC(MFRSR) 0204; UTC(MTPS) 0207;UTC(SBAD) 0206)
MODIS 0.30 £ 0.01 0.24 £ 0.01 0.20 + 0.01 0.15 £ 0.01 0.11 £+ 0.005 0.10 + 0.005 0.09 + 0.005
MFRSR 0.28 + 0.01 0.26 + 0.01 0.18 £ 0.01 0.15 +0.01 (SRMSE = 0.0173)
MTPS 0.27 £ 0.01 0.23 £0.01 0.19 £ 0.01 0.16 £ 0.01 (SRMSE = 0.0173)
SBAD 0.26 + 0.01 0.22 £ 0.01 0.18 £ 0.01 0.14 £ 0.01 (SRMSE = 0.025)
SBADA 0.28 + 0.006 0.24 + 0.005 0.21 £ 0.003 0.15 + 0.003 (SRMSE = 0.011)

15 April 2001 (32.4°N, 128.5°E;UTC(MODIS) 0155;UTC(MFRSR) 0154; UTC(MTPS) 0159;UTC(SBAD) 0148)
MODIS 0.18 + 0.03 0.15 + 0.03 0.12 £0.03 0.09 = 0.02 0.06 = 0.01 0.05 £ 0.01 0.04 + 0.008
MFRSR 0.20 + 0.01 0.19 + 0.01 0.11 £ 0.01 0.09 £ 0.005 (SRMSE = 0.0229
MTPS 0.16 = 0.01 0.14 £ 0.01 0.11 £0.01 0.08 + 0.007 (SRMSE = 0.0132)
SBAD 0.14 + 0.01 0.12 + 0.01 0.10 + 0.01 0.08 £+ 0.005 (SRMSE = 0.0273)

19 April 2001 (33.1°N, 135.2°E;UTC(MODIS) 0130;UTC(MFRSR) 0152; UTC(MTPS) 0159;,UTC(SBAD) 0148)
MODIS 0.36 + 0.02 0.30 + 0.01 0.25 + 0.01 0.17 £ 0.01 0.10 = 0.007 0.07 + 0.006 0.05 £+ 0.006
MFRSR 0.34 £ 0.01 0.30 £ 0.01 0.20 + 0.01 0.16 £ 0.01 (SRMSE = 0.0273)
SBAD 0.32 + 0.01 0.26 + 0.01 0.21 +£0.01 0.15 £ 0.01 (SRMSE = 0.0361)

?Aerosol optical depths are given as mean + standard deviation. Abbreviations are as follows: MFRSR, Multifilter rotating shadowband radiometer;
MTPS, microtops Sun photometer; SBAD, Simbad; SBADA, advanced Simbad; SRMSE, cross-spectrum root mean square error.

good agreement (SRMSE < 0.05) with Sun photometer/
radiometers measurements except in case 5 (0.05-0.1), case
1 (SRMSE ~0.1), and case 6 (SRMSE ~0.1-0.2) (see
Figure 7). The SRMSE values ~0.1-0.2 in case 6 are
consistent with that found previously between MODIS and
AATS (~0.1) that dust presence as seen by increased T, in
SWIR band caused the large error. The cases with the range
of errors between 0.05 and 0.1 are suspected to have a
similar cause but of less dust abundance. Different instru-
ment configuration and calibration of Sun photometers and
shadowband radiometers may explain the differences of

SRMSE between them but the details are beyond the focus
of this paper.

5. Effective Radius and Fine-Mode Fraction

[20] We compare MODIS retrievals to AERONET inver-
sions with both assuming aerosol particles in spherical
shape. MODIS observes the total column ambient aerosol,
similar to AERONET. Thus they are directly comparable.
Here, however, we only focus on 7.4 and leave out the
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comparisons of n with AERONET to more comprehensive
analysis as done by R. G. Kleidman et al. (personal
communication, 2004), and as well the comparisons with
in situ measurements led by T. R. Anderson et al. (personal
communication, 2004). The former study points out that
MODIS-derived r values are generally higher above 0.8 and
lower below 0.6, and the latter shows that MODIS exag-
gerates even more during ACE-Asia period.

[21] The MODIS aerosol retrieval over ocean requires
100% clear water pixels within a 10 x 10 km? thus it
excludes coasts and sediment-rich regions. Though a couple
of MODIS validation results of r,;have been done [Remer
et al., 2002; Levy et al., 2003] against the AERONET sky
measurements [Dubovik and King, 2000], they are only
suitable for conditions with homogeneous distribution of
aerosol loading. Given a small number of AERONET island
sites available to represent true oceanic conditions (less land
contamination), since most AERONET sites (>90%) are
situated inland and along the coasts, we have obtained only
six pairs of MODIS- and AERONET-derived 7, from the
process of collocating them in space (+50 km of AERONET
site) and time (+1 hour of MODIS overpass) in April 2001.
The AERONET sites with at least one coincidence (denoted
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Figure 9. Relationship of MODIS-derived aerosol parameters (a) AE1 versus fine-mode fraction,
(b) AE2 versus coarse-mode fraction, (c) effective radius versus fine-mode fraction, (d) ratio of AE1/AE2

versus fine-mode fraction, and (e) AE2 versus AE1.
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Table 6. MODIS Aerosol Parameters of Mean (Standard Deviation) Over Ocean Collocated With AATS on Board C-130 and Twin,
Shown in Boldface, and Sun Photometer/Radiometer on Board NOAA R/V Ronald Brown®

Modes

T0.55 Wm Q.66 —0.86pum ©0.86-2.13 Pm Teff MNo.55 Hm © Yo.55 Hom € (Fine, Coarse)
2 April 2001 (32.8°N, 136.6°E; 0225 UTC)

0.42(0.03) 1.04(0.06) 0.64(0.03) 0.34(0.02) 0.73(0.02) 111.3° 0.72 1.93E-2 (2,7.5)
6 April 2001 (32.9°N, 127.8°E; 0200 UTC)

0.33(0.03) 1.18(0.06) 1.29(0.03) 0.32(0.02) 0.80(0.01) 151.5° 0.71 2.02E-2 (3.5,8)
6 April 2001 (32.9°N, 127.2°E; 0200 UTC)

0.36(0.06) 1.11(0.11) 1.25(0.15) 0.35(0.04) 0.80(0.01) 151.1° 0.70 147E-2 3.3,8
7 April 2001 (35.8°N, 132.4°E; 0240 UTC)

0.39(0.01) 1.28(0.03) 0.96(0.04) 0.27(0.01) 0.82(0.02) 113.5° 0.70 2.37E-2 (2,6)
8 April 2001 (38.0°N, 133.6°E; 0145 UTC)

0.31(0.01) 1.33(0.01) 1.00(0.05) 0.29(0.08) 0.83(0.02) 151.9° 0.70 1.72E-2 (2.3,8.6)
10 April 2001 (37.9°N, 130.8°E; 0135 UTC)

0.69(0.02) 1.11(0.02) 0.82(0.01) 0.41(0.08) 0.74(0.01) 141.5° 0.69 2.14E-2 (2.6,8.6)
12 April 2001 (35.0°N, 130.0°E; 0300 UTC)

0.65(0.03) 0.47(0.05) 0.23(0.03) 1.12(0.07) 0.44(0.04) 108.5° 0.73 1.63E-2 (3,9)
12 April 2001 (33.1°N, 127.5°E, 0300 UTC)

0.44(0.01) 0.59(0.01) 0.35(0.04) 0.58(0.03) 0.54(0.01) 113.0° 0.73 9.00E-3 39
13 April 2001 (35.7°N, 132.5°E; 0205 UTC)

0.24(0.01) 1.14(0.03) 0.29(0.01) 0.36(0.01) 0.71(0.01) 155.5° 0.69 2.21E-2 (1,9)
13 April 2001 (35.8°N, 132.4°E; 0205 UTC)

0.25(0.01) 1.13(0.03) 0.28(0.01) 0.36(0.01) 0.70(0.01) 155.9° 0.68 1.30E-2 (1,9
14 April 2001 (32.3°N, 132.5°E; 0250 UTC)

1.10(0.18) 0.58(0.01) 0.36(0.11) 0.75(0.11) 0.47(0.05) 111.1° 0.72 6.00E-3 3,9
15 April 2001 (32.4°N, 128.5°E; 0155 UTC)

0.15(0.03) 1.24(0.07) 0.48(0.03) 0.25(0.04) 0.79(0.07) 150.6° 0.69 1.88E-2 (1.2,8.2)
19 April 2001 (33.1°N, 135.2°E; 0130 UTC)

0.30(0.01) 1.46(0.04) 1.20(0.01) 0.23(0.01) 0.86(0.01) 151.7° 0.70 2.08E-2 2,8)
19 April 2001 (37.2°N, 133.4°E; 0130 UTC)

0.40(0.01) 1.37(0.01) 1.04(0.02) 0.25(0.03) 0.83(0.01) 144.1° 0.69 1.40E-2 2,8
20 April 2001 (35.0°N, 140.6°E, 0210 UTC)

0.32(0.02) 1.10(0.07) 0.75(0.04) 0.24(0.06) 0.79(0.08) 114.2° 0.69 1.68E-2 (1.5,6)
23 April 2001 (32.4°N, 139.6°E, 0105 UTC)

0.28(0.01) 0.99(0.02) 0.27(0.05 0.27(0.01) 0.75(0.01) 147.8° 0.70 1.10E-2 (1,8)
23 April 2001 (33.1°N, 134.1°E;0245 UTC)

0.27(0.03) 0.88(0.17) 0.62(0.07) 0.44(0.10) 0.67(0.02) 111.4° 0.71 1.50E-2 (2.5,7.5)

Here To.s5 |, acrosol optical depth at 0.55 pm; o 66— 0.86um M Angstrom exponent derived between 0.66 and 0.86 um; ags6-2.13 M Angstrom
exponent between 0.86 and 2.13 pm; r4; effective radius; mg ss |, fine-mode fraction at 0.55 pm; ©, scattering angle; g ss |1, asymmetric factor at
0.55 um; €, least square fitting error; modes (fine, coarse), fine and coarse mode aerosol model selected (models 1 —2: wet water soluble (0.10 and 0.15 pm
effective radius), models 3 —4, water soluble with humidity (0.20 and 0.25 pm); models 5—7, wet sea salt (0.98, 1.48, 1.98 pm), and models 89, dust (1.48

and 2.5 pm)).

in the parenthesis) include Jeju Island (1) and Anmyon
Island (2), South Korea, and Noto (3), Japan. Note that in
the process we have increased the windows in space and
time by a factor 2 (i.e., £50 km instead of +25 km and
+1 hour instead of +30 min as for T, validation) in order
to accommodate more coincidences.

[22] It is clear to see that MODIS underestimates 7.;

AERONET retrievals by approximately 20% (see Figure 8).
Because the spherical AERONET retrievals are self-affected
by nonsphericity and will underestimate true r,;[Dubovik et

al., 2000, 2002], MODIS may actually underestimate aero-
sol effective radius even more severely. In previous com-
parisons between MODIS- and AERONET-derived r,;
when fine-mode aerosols dominated the atmospheric col-
umn, good agreement between the two retrieval methods
was found [Remer et al., 2002], whereas in dust-dominated
situations, in PRIDE (Puerto Rico Dust Experiment)
2000, MODIS was found to underestimate 7., by up to
50% [Levy et al., 2003]. In the six cases of our comparisons
in ACE-Asia, we have a situation where dust aerosol resides
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Figure 10. MODIS RGB (R, 0.66 pm; G, 0.55 pm; B, 0.47 pm) image of 20 March 2001 (0255 UTC)
with dust plume passing through the Korea Peninsula. Three-square boxes (2° X 2°) are chosen to
represent dust-dominated, mixed, and pollution-influenced regions.

in an upper layer with a pollution layer below, with neither
aerosol type dominating. Thus the degree of underestima-
tion between that and those observed in the two previous
studies is reasonable. The underestimation of particle size is
associated with MODIS overestimations of spectral curva-
ture. Such was the result of the PRIDE analysis [Levy et al.,
2003], and likewise here by exaggerated spectral depen-
dence as seen in Figure 6. However, our results differ from
the results from PRIDE in that not only do we see an
enhanced spectral dependence from MODIS retrievals, but
also an elevated retrieved aerosol optical thickness through-
out the entire spectral range. In PRIDE, midvisible values
(0.67 pm) of T, from MODIS agreed well with AERONET
observations. Another factor to consider is the possibility
of sensor calibration issues that affect retrievals in the
ACE-Asia period but not in PRIDE.

6. Consistency/Relationship of MODIS-Derived
Aerosol Size Parameters

[23] The retrieved aerosol size parameters, ;\ngstr('jm
exponents, 1, and 7., from the 17 events (sections 4.1 and
4.2) are further analyzed to examine the consistency/rela-
tionship of derived size parameters and their correspondence

to model selections under dust-free to high dust loading
conditions (Table 6). First, we derive the correlation between
fine-mode fraction and Angstrom exponents, and find a very
high positive correlation (R~0.96) between Angstrom
exponent 1 (0.66 and 0.86 pm; hereinafter, AE1) and n (at
0.55 pum) (see Figure 9a) but moderate negative correlation
(R~—0.7) between Angstrom exponent 2 (0.86 and 2.1 pm;
hereinafter, AE2) and 1 — n (or coarse-mode fraction) (see
Figure 9b). The poorer correlation is primarily caused by
outliers with m between 0.7 and 0.8 in cases 9, 10, and
16 associated with low 7, ~0.2-0.3 (0.55 um) and low
AE2 values (~0.2-0.3) as well as in case 12 with an even
lower T, (~0.15) but a slightly larger AE2 ~0.48.

[24] The inverse correlation (R~—0.92) between r.4
and m reveals two groups clearly separated by n~0.6 and
7o ~0.5 (Figure 9¢). The first group includes cases 7, 8, and
11 (dominated by dust) with effective radius > 0.55 pm
and fine-mode fraction < 0.6, and the second includes
cases 9, 10, and 16, and others with effective radius <
0.55 pm and fine-mode fraction > 0.6 The latter can be
further divided by the ratio of AE1/AE2 (>2) as a function of
fine-mode fraction (see Figure 9d) with one showing
nonlinear spectral variation with large AEl accompanied
by small AE2 (cases 9, 10, 12, and 16) and a good inverse
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Figure 11. Variations of MODIS-derived m, r. AE1 (0.55 and 0.87 pm; hereinafter referred to as AE1)
and AE2 (0.87 and 2.1 pm), 7, (0.55 pm), and € (least square fitting error) as a function of percent change

(—5-5%) in the SWIR band radiances.

correlation between AE1/AE2 and m, and another showing
AE1/AE2 ~1-2 but with nearly no dependence upon 1
(cases 1-8, 11, 13—15, and 17) (Figure 9d). In the scatter-
plot of AE2 vs. AEI, cases 2 and 3 with similar AE2 and
AE]1 are separated from cases 9, 10, 12, and 16 with AEl
being 2—3 times AE2 at the opposite side of the regression
line (Figure 9e).

[25] The analysis depicts outstanding cases dominated by
dust outbreak (7, 8, 11) and pollution (9, 10, 12, 16). The
former uniformly correspond to models 3 and 9 and the
latter to models 1 (or 2) and 8 (or 9). Though similarities are
shown in cases 2 and 3 in comparison to 9, 10, 12, and16,
slight spectral curvature variations differ their fine-mode
model selection of 3 (or 4) over 1 (or 2), with respect to
particle size, that humidification may play a role. The
remainder of the cases (1, 4, 5, 6, 13, 14, 15, 17) behaves
spectrally alike regardless of aerosol models selected. In
summary, except for cases 4 and 15 with chosen model
(6) and cases 1 and 17 with mixed sea-salt (7) and dust
(8) modes, dust models (8 and 9) are mostly chosen in
combination with water-soluble models, which makes sense
in the springtime environment in east Asia. However, this
analysis also suggests that the selection of fine and coarse
models is sensitive to spectral curvature of measured radi-

ances from visible to SWIR. Any changes in radiances, such
as that might be caused by the electronic cross talk in
MODIS SWIR bands, can alter spectral curvature and
consequently the estimation of 1 and r

7. Sensor Calibration Issues

[26] It is known from prelaunch and on-orbit sensor
characterization that MODIS SWIR bands (detectors)’
responses are significantly contaminated by the out-of-band
thermal leak and electronic cross talk [Xiong et al., 2004].
Because of this, a simple linear correction algorithm has
been designed and applied in the L1B to remove the thermal
leak and partially reduce the electronic cross talk. The
former is mainly caused by the spectral response functions
that do not have clear cutoff allowing radiances of 3—5 pm
bands to penetrate through, which is mostly removed by the
contrast to nighttime measurements. The latter is more
complex in nature by imperfect resets of SWIR band
detectors of subframe (500 m resolution) scanning, which
are side-dependent and typically nonlinear and thus scene-
dependent. Though different sets of correction coefficients
have been applied in the L1B, the remaining effects on the
retrieved radiances of the SWIR bands might still be
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Figure 12. Changes of MODIS-derived v, 7,5 AE1 (0.55 and 0.87 pm; hereinafter referred to as AEI)
and AE2 (0.87 and 2.1 pm), 7, (0.55 pm), and € (least square fitting error) as a function of percent change

(—5-5%) in the SWIR band radiances.

different for side A and side B electronics configurations.
The SWIR bands are particularly important to the retrieval
of aerosol size parameters in the MODIS algorithm. In
analyzing MODIS aerosol size parameters in a long time
series, we see a definite discontinuity in aerosol size
corresponding to the date when the sensor’s electronics
package was switched from side B back to side A [Remer
et al., 2005]. Here we demonstrate the sensitivity of the
aerosol retrieval to slight variations in SWIR band radiances
that represent the uncertainty that might remain uncorrected
from electronic cross talk artifacts.

[271 We impose a uniform £5, 3 and +1 percent changes
on the radiances of MODIS SWIR bands (i.e., 1.24, 1.64, and
2.1 pm), and calculate the respective changes to a variety of
aerosol conditions. The case chosen for the sensitivity study
is shown in Figure 10 with a dust plume passing over Korea
Peninsula on 20 March 2001 (0255 UTC). The three 2° x 2°
regions marked with aerosol loading in the range of 0.6—
0.9 represent dust-dominated, pollution-influenced, and
dust/pollution mixed aerosols. Figure 11 shows, respec-
tively, the retrieved m, r.5 AE1 (0.55 and 0.87 pm) and
AE2 (0.87 and 2.1 pm), T, (0.55 pm), and € (least square
fitting error) as a function of percent change (—5% to 5%) in
the SWIR band radiances. To clearly illustrate the response

of the retrieval to radiance perturbation, both absolute
(Figure 12) and percent changes (Figure 13) are presented.

[28] It is interesting to learn the irregular changes of T, in
the three regions with nearly all negative response of —6 to
+1% (or —0.05 to +0.01) in the dust-dominated, all positive
0 to +4% (or 0 to 0.03) in the mixed, and within +2% (or
—0.01 to +0.01) in the pollution-influenced region in
response to the change in SWIR radiances. The least square
fitting errors are also different in the three regions (0.02—
0.05 in the dust-dominated, 0.01-0.03 in the mixed and
0.005-0.02 in the pollution-influenced) but with similar
trends of larger errors in the decreasing as opposed to
increasing changes of SWIR radiances. On average, these
changes are at maximum 1% (or 0.012) with respect to 1%
change in radiance, which is smaller than the retrieval
uncertainties of At, = +0.03 + 0.057,. Thus it can be
concluded that the retrieval of T, is not affected by the
change in SWIR radiances.

[29] Weaker signals in SWIR bands correspond to less
contribution from coarse mode particles and as a result
an increased m and vice versa. The percent changes in
Angstrom exponents are consistent with those found in .
The different magnitudes derived (the largest in the dust-
dominated, followed by the mixed and pollution-influenced
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Figure 13. Percent changes of MODIS-derived v, 7.5 AE1 (0.55 and 0.87 pm; hereinafter referred to as
AEl) and AE2 (0.87 and 2.1 pm), 7, (0.55 um), and € (least square fitting error) as a function of percent

change (—5-5%) in the SWIR band radiances.

region) are related to the spectral curvature of radiances and
aerosol model selection, which is clearly seen in the results
of r,4 that they do not necessarily conform to the changes in
m, i.e., larger n leading to smaller the r.4 except in the
mixed dust/pollution region. The aerosol model selection is
believed to play a determinant role since slight perturbation
is able to cause a switch between aerosol models (see
Figure 14) resulting in increased or decreased 7. not
corresponding to . It is worth noting here that the aerosol
models used in the retrieval can be characterized in size:
1-2: wet water-soluble aerosol (0.10 and 0.15 pm effective
radius), 3—4: water-soluble aerosol with humidification
(0.2 and 0.25 pm), 5—7: wet sea salt (0.98, 1.48, 1.98 pm),
and 8-9: dust (1.48 and 2.5 pm). In the dust-dominated
region, the decrease in SWIR radiance tends to cause the
switch of models 2 and 3 to model 4 (humidified and larger
particles ~0.25 pm), and increasing SWIR radiance tends to
shift toward models 1, 2, and 3 (less humidified and smaller
particles), while the coarse-mode model remains to be dust
model 9. Similar trend is also found in the mixed pollution/
dust as in the dust-dominated region. In the pollution-
influenced region, however, differences are shown in both
fine- and coarse-mode model selections that more fine and
coarse mode models were selected with increasing as
opposed to decreasing changes in SWIR radiances. The

more number of models chosen mean multiple combina-
tions are possible to satisfy similar measurements with
subtle spectral variations.

[30] Though we do not show the results for cases of
background maritime aerosol (sea salt), it is certain that
even larger impacts are expected in m and 7. than those
found in the dust-dominated case because of less abundant
fine-mode aerosols over remote pristine oceans.

8. Statistical Analysis on Effect of Side A and
Side B Electronics

[31] The sensitivity study has shown the effect of elec-
tronic cross talk on the retrievals varying with aerosol types.
In the end of October 2000, Terra-MODIS sensor electron-
ics was switched from side A to side B and later switched
back to side A in July 2001. The ACE-Asia field campaign
occurred exactly after the switch from side A to side B
electronics. Though after the switch, the MODIS calibration
team reexamined the measured radiances and corrected
them to within the baselined (£5%) error [Guenther et al.,
2002], discontinuities are seen in aerosol size parameters.
Owing to the complexity of electronic cross talk in nature
(i.e., scene-dependent and side-dependent), detailed study
will require a comprehensive examination of all possible
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scenarios. We have formed a plan to do that in collaboration
with MODIS calibration team based upon the findings of
this paper.

[32] In this section, we compare MODIS level 3 1° x 1°
aerosol products in the three dust outbreak seasons (March—
May) of 2000, 2001, and 2002 over the area from 100° to
160° longitude and 10° to 60° latitude as shown earlier in
section 3. The year 2000 represent the data before the
switch and 2002 the data after the switch back. These three
seasons are comparable because of reportedly similar numb-
ers of dusty days in northern China. The exclusion of year
2003 is due to significantly less number of dust outbreaks
(~3 times) in that year as attributed to heavy snowfalls in
the deserts and neighboring regions, preventing the forma-
tion of dust storms. Figure 15 shows the scatterplots of
regional monthly mean r,;and m (left panel) and 7.4 and T,
(right panel) of the 20 (10° x 10°) regions from March to
May of 2000, 2001 and 2002. Aerosol loading, T, is least
affected by the cross talk as shown in sensitivity study
(section 7). As a result, the range of T, appears to be no
different between 2000, 2001, and 2002 data. However, the
effect is much more pronounced on the size parameters (i.e.,
M, Fop)- First, we can see overall a lower range of 7,4 (0.2—
0.8 pm) and higher range m (0.4-0.9) of 2001 data
compared to those of 2000 (r.: 0.2—1.3 pm and n: 0.1—

0.9) and 2002 (s 0.2—-1.2 pm and n: 0.2-0.9) data.
Second, the missing coarse mode (>1 pm) of monthly
7o histogram in region 20 over remote pristine oceans
(dominated by sea salt) is evident that r,; values obtained
from side A are underestimated (see Figure 16). We
excluded interannual variability since it should only change
the intensity, not the range, of the parameters given such a
large area.

[33] In summary, about 80% of the points from side B
(2001) retrievals are fallen within the range of r,; between
0.3 and 0.5 pm in corresponding to 7, ~0.15-0.9. Larger
values of 7.4 ~0.6-0.8 pm (or 0.45-0.55 in ) are only
seen for 7, < 0.1 (Figure 15). By comparing the monthly
mean 7, of side B retrievals in 2001 to those of the side A
retrievals in 2000 and 2002, it can be estimated that the 7.
values in ACE-Asia are ~100% smaller for 7, < 0.10,
50-60% for T, ~0.1-0.3, 20—-30% for T, ~0.3-0.5, and
10-15% for T, > 0.5.

9. Concluding Remarks

[34] Aerosol retrievals from MODIS provide a wide
regional view of aerosol loading and particle size across
the northwestern Pacific during the ACE-Asia field exper-
iment in spring 2001. In general, there is a decrease in T,
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with the distance eastward from the Asian continent. The mean 1, ~0.08—0.12) occurs in the southeastern edges of
highest aerosol loading (monthly mean T, ~0.40—0.70) our domain (10°—~20°N; 150°~160°E). The monthly mean
occurs in the belts associated with periodic dust transport 1 varies between approximately 0.5 in the cleanest regions
events (30°-50°N). The lowest aerosol loading (monthly to approximately 0.8 in near the coast of Southeast Asia
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Figure 16. Histogram of regional monthly 7, in region 20 of March (solid line), April (dotted line), and
May (dashed) of (left) 2000, (middle) 2001, and (right) 2002.
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dominated by biomass burning smoke. Conversely, the
monthly mean 7., ranges between approximately 0.8 and
0.3 pm.

[35] The validation of T, in ACE-Asia leads to similar
conclusions as obtained from the globe and from different
parts of the world (A1, = +£0.03 £+ 0.057,). The collection 4
MODIS-derived T, values in ACE-Asia are in good agree-
ment (SRMSE <0.05) with spaceborne and shipborne Sun
photometer/radiometers (AATS-14, AATS-6, Microtops,
Simbad, SimbadA, and shadowband radiometer) in the
absence of dust, and consistently larger errors across the
spectrum (0.47—2.1 pm) are found during dust outbreaks
(SRMSE ~0.1-0.3). Aerosol loading is least affected by
electronic cross talk as shown by the sensitivity study
(within £0.05). Dust nonsphericity is considered to be
responsible for the overestimated aerosol loading.

[36] The MODIS-derived regional monthly m range (0.4—
0.9) during ACE-Asia in 2001 is higher than the range
found in the same region in 2000 (0.1-0.9) and in 2002
(0.2-0.9). Conversely, the MODIS-derived 7,4 is lower in
2001 (0.2—0.8 pm) than in 2000 (0.2—1.3 pm) or in 2002
(0.2—1.2 pm). Sensitivity studies depict that the variation in
the SWIR band radiances on the order of expected residual
cross talk can change aerosol model selections in the
retrieval, and introduce errors to aerosol size parameters.
The effect of electronic cross talk is greater for low aerosol
loading (e.g., remote pristine ocean) and also for dust- than
pollution-dominated conditions. The missing coarse mode
(>1 pm) of the monthly mean r,4 in remote pristine oceans
(T, < 0.15) is evident for the anomalies of retrievals from
side B as opposed to side A electronics. Collectively, about
80% of the points (regional monthly means from March to
May) from side B (2001) retrievals fall within the range of
ro between 0.3 and 0.5 um in corresponding to 7, ~0.15—
0.9; large values of 7,5 ~0.6—0.8 pum are only seen for 7, <
0.1. It is an artifact most likely resulted from electronic
cross talk in the SWIR bands rather than interannual
variability since interannual variability should only change
the intensity, not the range, of the parameters. The r,;values
derived in ACE-Asia can be estimated ~100% smaller for
T, < 0.10, 50-60% for T, ~0.1-0.3, 20-30% for T,
~0.3-0.5, and 10—-15% for 1, > 0.5.

[37] Owing to the nature of scene-dependent electronic
cross talk, the correction set at one level may not be adequate
for another. Unless MODIS electronic cross-talk effects can
be completely removed or fully characterized, the evaluation
of the uncertainties of MODIS-retrieved aerosol size param-
eters remains inconclusive in ACE-Asia, and may be largely
the case for the entire period of side B electronics.

[38] Acknowledgment. The authors would like to thank MODIS
science data support team for processing level 2 and level 3 data, and
AERONET PIs for collecting aerosol observations during ACE-Asia.
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Figure 1. Seasonal mean T, in spring, summer, autumn, and winter (December 2000 to November
2001) for the region of 15°~45°N and 90°—160°E.
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